Abstract. -For the first time, the morphology and dynamics of spin avalanches in Mn12-Acetate crystals using magneto-optical imaging has been explored. We observe an inhomogeneous relaxation of the magnetization, the spins reversing first at one edge of the crystal and a few milliseconds later at the other end. Our data fit well with the theory of magnetic deflagration, demonstrating that very slow deflagration rates can be obtained, which makes new types of experiments possible. -Acetate offers an unique playground to study phenomena at the frontier between classical and quantum mechanics, whereas from the point of view of applications, it offers an interesting perspective towards 3D high-density magnetic storage devices [3] . These possibilities motivated many studies on the magnetic properties of these molecular crystals (see refs. [4-6] for reviews). The strong uniaxial anisotropy accounts for the doubly-degenerate potential well, shown in fig.1(a) . Each well is characterized by a discrete distribution of energetic levels, corresponding to different projections m (m = ±10, ±9, ...0) of the total spin along the easy anisotropy axis (c-axis). In such a system, the relaxation of the magnetization can proceed via three mechanisms: thermal relaxation, quantum tunnelling and avalanches. Thermal relaxation occurs when the thermal excitations are strong enough to promote the spins over the potential barrier. When this condition is not fulfilled, the effect of the thermal energy is simply to populate the upper p-1
. Its mono-disperse structure, strong spin anisotropy as well as the hysteretic behavior at low temperatures [2] have attracted a lot of interest. From a fundamental point of view, Mn 12 -Acetate offers an unique playground to study phenomena at the frontier between classical and quantum mechanics, whereas from the point of view of applications, it offers an interesting perspective towards 3D high-density magnetic storage devices [3] . These possibilities motivated many studies on the magnetic properties of these molecular crystals (see refs. [4] [5] [6] for reviews). The strong uniaxial anisotropy accounts for the doubly-degenerate potential well, shown in fig.1(a) . Each well is characterized by a discrete distribution of energetic levels, corresponding to different projections m (m = ±10, ±9, ...0) of the total spin along the easy anisotropy axis (c-axis). In such a system, the relaxation of the magnetization can proceed via three mechanisms: thermal relaxation, quantum tunnelling and avalanches. Thermal relaxation occurs when the thermal excitations are strong enough to promote the spins over the potential barrier. When this condition is not fulfilled, the effect of the thermal energy is simply to populate the upper p-1 levels of the potential well, thus increasing the propensity for spin tunnelling through the anisotropy barrier [7] . Quantum tunnelling effects appear irrespective of temperature, as steps in the hysteresis curve which occur systematically at well defined externally applied magnetic fields, the so-called resonant fields H res [8] [9] [10] . At H res some energy levels in both wells are at equal energy.
Thermally induced relaxation processes are characterized by a long relaxation time τ , typically of the order of a few hundred ms. Much shorter relaxation times, less than 1 ms [11] [12] [13] [14] [15] [16] , have been observed experimentally. Since in such cases the relaxation of the magnetization is typically accompanied by a significant heat release this effect is attributed to a thermal runaway or avalanche. It was observed that this spin reversal (avalanche) does not occur simultaneously for all the spins in the sample, but follows a domino effect, with spin reversal nucleation at one edge of the sample and subsequent propagation through the crystal over a narrow spin reversal front [12] . This type of relaxation is known as magnetic deflagration, due to its parallelism with the propagation of a chemical combustion along a burning substance. In the magnetic case, the role of the chemical energy is played by the Zeeman energy and the "ashes" are the spins that have already relaxed. The amount of heat released by the thermal runaway depends significantly on the experimental parameters (temperature, sweep rate of the magnetic field) [18] . However, up to now, no correlation was made between the external parameters, the excitation energy and the morphology of the spin reversal fronts of the magnetic deflagration. In this study we set on providing an answer to this open question by using for the first time an optical technique: magneto-optical imaging. This technique allows the direct visualization of the overall magnetic field distribution at the surface of the sample as a grey-scale intensity image, the value of each grey level being proportional to the local value of the magnetic field component perpendicular to the surface of the sample [19] (i.e. the x-axis in fig.1(b) ). A detailed description of our magneto-optical set-up can be found in ref. [20] . Our sample, a Mn 12 -Acetate crystal of 1.2 × 0.5 × 0.5 mm 3 , was mounted on a LakeShore Cernox Thermometer, model CX-1050BR, which we used as a heater. The sample was visualized using the Faraday effect in a 5 µm Bi-substituted yttrium iron garnet (YIG) film with in-plane anisotropy [21] and a saturation field of 90 mT. The magneto-optically active layer was 'glued' on top of the Mn 12 crystal with nanodecane (C 19 H 40 ), 99% purity . A schematic view of the experimental configuration is shown in fig.1(b) . The ensemble was mounted on a home-built optical insert and placed in a commercial Oxford Instruments vector magnet. The system allows the generation of magnetic fields up to H max = 1 T, in any orientation relative to the sample, by simultaneous use of three superconducting coils. Since at low temperature an external field of 1 T is too small to ensure the saturation of the magnetization, we prepared the initial state of the sample as follows: we field cooled the crystal in an applied magnetic field of 1 T, oriented along the anisotropy axis (z-axis in fig.1 (b) ), through the blocking temperature T B (above which thermal relaxation is the dominant relaxation mechanism) [4] , down to the desired temperature T . Once T was reached, we decreased the externally applied magnetic field H from 1 T to a smaller value, indicated below, and anti-parallel with respect to the magnetic moment of the sample. Subsequently, voltage pulses of 10 V and various duration t p were applied to the Cernox resistor, using a Wavetek pulse generator. We performed two sets of experiments, which we will henceforth refer to as experiment 1 (T = 1.5 K, H = −0.1 T, t p = 10 ms) and experiment 2 (T = 1.6 K, H = −0.45 T, t p = [0.01, 10] ms), in which the initial state was prepared using different values for the external parameters, as indicated in the brackets. The magnetization reversal was filmed using a Teli CCD camera (model CS8320C) with an active area of 752 × 582 pixels and a recording speed of 50 fields/second. The relatively low temporal resolution of our experiments motivated the use of small magnetic fields H, since a smaller H is known to lead to slower relaxation [22] .
The results of experiment 1 are shown in fig.2 . Fig.2 (1) corresponds to the initial state, prior to the application of the heat pulse. The sample has a strong in-plane magnetic moment which appears as the contrasting bright and dark regions at the upper and lower edges of the crystal. The bright region corresponds to a high positive magnetic field whereas the dark region to a high negative magnetic field. After the heat pulse (which yields an energy of 50 µJ (see footnote 1 ) is applied, a slow decrease of the contrast at the edges of the sample is initially observed ( fig.2(2) ). This corresponds to a decrease of the local magnetic fields, hence to a reduction of the in-plane magnetic moment of the sample. Subsequently, bright regions become clearly visible on the dark background at the lower edge of the sample, fig.2(3) , where gradually, the field changes sign, fig.2(4) . Clearly, the deflagration and its associated sign reversal of magnetization has started at the lower edge. The upper edge is still unaffected and remains in its original magnetization direction, see fig.2(5) . Eventually, also the local magnetic field at the upper edge changes sign. The magnetization reversal gradually continues, until the magnetic moment of the sample has completely reversed, fig.2(6) , (7) and (8) . It can be noticed, by comparing fig.2(1) and fig.2(8) , that the strength of stray field at the edges of the sample is much stronger prior to the application of the heat pulse. This is due to the fact that the magnetic moment relaxes toward the equilibrium state, which, for the values of H used in our experiments, is lower than the saturation magnetization: fig.2(1) is the magnetization induced by the external field of 1 T and fig.2 (1) corresponds to the initial state, prior to the application of the heat pulse. All subsequent pictures were taken after the heat pulse. The time span between consecutive frames is 20 ms. The magnetization reversal nucleates at the lower edge of the sample and propagates, along the anisotropy axis,towards the upper edge of the crystal. The intensity of the gray-levels in the images is proportional to the intensity of the local magnetic field. The arrows indicate the orientations of the magnetic moment M and the externally applied field H. The contour of the sample is indicated by the dashed lines.
fig.2(8) is the magnetization induced by 0.1 T only.
The relaxation process observed in our experiments is similar to the one reported in ref. [12] in the sense that the magnetization reversal nucleates first at the edge of the sample. Additionally, the relaxation starts systematically at the lower, sharper edge of the sample in all our measurements. This agrees well with the results reported in ref. [16, 17] , where it was observed that the deflagration front is ignited at the point of the crystal where the local magnetic field is highest. In our case, the demagnetizing field H d is higher at the sharper edge, which implies that irrespective of the sign of the applied field H, the total magnetic field (H + H d ) at this edge is highest. However, by contrast to the results of ref. [12] , no gradual propagation of the spin reversal, over a narrow front along the width of the sample, was observed in our experiments. Furthermore, the time span for complete relaxation is larger in our experiment as compared to ref. [12] and, at first sight one could imagine that we are observing conventional thermal relaxation, induced by the heater.
To try to understand the differences between our experimental results and the data of ref. [12] , we modified our experimental conditions as detailed above for experiment 2. This was done in order to reduce the anisotropy barrier and probe the avalanche nucleation at very small thermal excitations. The time span t p over which the heat pulses were applied were logarithmically increased from 0.01 ms to 10 ms. For very short time pulses, t p = 0.01 ms (equivalent energy 50 nJ), we observed no relaxation of the magnetic moment, indicating that in this case the excitation energy is too small to promote the magnetization reversal.
In all other experiments, corresponding to t p = 0.1 ms (0.5 µJ), t p = 1 ms (5 µJ) and t p = 10 ms (50 µJ) a complete reversal of the magnetic moment is observed, the relaxation mechanism following the same pattern as detailed for experiment 1. For each of these experiments we calculated the variation of the local field intensity at the edges of the crystal as a function of time. The results are shown in fig.3 . The data from all three experiments collapse to the same curves, which can be fitted by an exponential law with τ = 65.8 ms. A relaxation time of τ = 65.8 ms implies through Arrhenius' law, τ = τ 0 exp U(H) kB T , that the temperature of the sample, after the heat pulse, rises to T = U/ ln(τ /τ 0 ) ≈ 4.5 K (assuming that U = 59 K when H z = −0.45 T [9] ). This value is higher than the blocking temperature T B ≃ 3.5 K (determined from DC magnetization measurements), hence thermal relaxation plays a role. On the other hand, the mechanism cannot be simple thermal relaxation, since in that case the relaxation time would decrease with increasing t p , in contrast to our experimental observations.
To solve this apparent contradiction we propose the following explanation: the externally applied heat pulse (provided that t p > 0.1 ms) triggers a deflagration wave. During the avalanche, the spin reversal is associated to an energy release in the sample equal to the Zeeman energy E z = µ 0 H∆M z , where H is the applied magnetic field and ∆M z = Ngµ B ∆m is the change in the total magnetic moment of the sample due to the spins that have changed their projection from m = −10 to m = 10 (implying ∆m = 20). The total number N of molecules in the sample can be easily evaluated using N = vρN A /M , p-3 17 , ∆M z = 6.0 · 10 −5 J/T, which amounts to a Zeeman energy E z ≃ 30µJ. This energy is larger by a factor of 60 compared to the excitation energy (∼ 0.5µJ) for which we already observe avalanches in our experiments. Since even for larger excitation pulses (up to 50µJ) the complete relaxation of the magnetic moment of the sample occurs over the same time interval, it is plausible to assume that, for the range of excitation energies used in our measurements, only a small fraction of the energy provided by the Cernox thermometer is transferred to the crystal. Hence, the increase in the temperature of the sample is mainly due to the Zeeman contribution, which is the same in our experiments, since the externally applied magnetic field (hence the distance between the energetic levels in the crystal) is the same. The heat produced by the deflagration wave is mostly released to the environment, such that the temperature of the crystal does not significantly exceed T B . This explains why we clearly observe the in-plane magnetic moment of the sample at any moment during the deflagration.
The temperature of the front of reversing spins in our sample is lower than in previously reported experiments, [12, 13] which implies a higher value of τ , hence a slower relaxation, as we clearly observe in our measurements. We estimate that the speed of the front of reversing spins is of the order of v ≈ 12 mm/s, in contrast to some much higher values reported in the literature. [12] [13] [14] [15] .
Finally, the width of the region over which the simultaneous relaxation of the spins is expected to occur can be easily estimated using l D = √ κτ [12, 22] . From the literature [23] it is known that κ for Mn 12 is in the range of 10 −5 − 10 −4 m 2 /s hence l D ≈ 0.8 − 2.5 mm. This is of the order of the length of our sample, which also explains why we have not seen the narrow front of reversing spins reported in ref. [12] .
In conclusion we have visualized the magnetic deflagration using for the first time an optical technique. We have shown that depending on the environment and the size of the sample, it is possible to ignite deflagrations with long combustion times and wide magnetization fronts. We show that a reduction of the propagation speed of magnetic deflagrations is experimentally accessible, which opens the possibility of new types of experiments. * * * 
